The objective is to characterize the effects of SiO 2 nanoparticles on the mechanical properties of the thermoplastic polypropylene (PP) blended with two different styrene-ethylene-butadiene-styrene tri-block copolymer (SEBS) at the intermediate and high strain rates. Tensile tests are conducted at the nominal strain rates from 3 x 10 -1 to 10 2 s -1 . Phase morphology is investigated by transmission electron microscopy (TEM). In addition, the fracture surfaces are observed by scanning electron microscopy (SEM) to investigate the fracture mechanisms. The elastic modulus increased only when nanoparticles were blended in the small-diameter SEBS blended PP. Decreases in the rupture strain and the strain energy up to failure were prevented for the blend system where nanoparticles were blended in the large-diameter SEBS blended PP. This is because the nanoparticles located inside rubber particles lead to the ductile fracture mechanism while the nanoparticles located outside rubber particles lead to the debonding sites between SiO 2 particles and PP matrix because of the stress concentration around them. The synergistic effect of these nanoparticles gives importance to the location of nanoparticles in PP/ SEBS blend systems and the stiffness of SEBS particle.
Introduction
Polymers are widely used in the fields of aerospaces, automobiles and electric devices because of light weight, ease of molding and resistance to corrosion. Especially in the automobiles, polypropylene (PP) has been extensively used for many applications such as interior and exterior automotive parts. (1) It is well known that the impact resistance of polymeric materials can be considerably modified by the incorporation of rubber materials. (2) For polypropylene (PP), elastomer materials such as the ethylene-propylene copolymer, ethylene-propylene-diene terpolymer, and butadiene-styrene-acrylonitrile terpolymer were used for toughening.
(3)- (9) The overall toughening methods and theories of polypropylene (PP)-elastomer blends are reviewed by Liang and Li. (10) Mechanical properties of their blends are controlled by their morphology to a great extent. For rubber toughened polymers, the shape, content, size and size distribution of the dispersed-phase particles have major effects on mechanical properties of polymer-elastomer blends. (10) - (23) In the previous study, the authors characterized the effects of the bimodal distribution of rubber particles and its blend ratio on the mechanical properties of the thermoplastic polypropylene blended with two different SEBS (styrene-ethylene-butadiene-styrene tri-block copolymer) at the intermediate and high strain rates. (24) On the other hand, the use of inorganic filler has become widespread for improving the mechanical properties of polymer blends. (25) - (49) The effects of inorganic filler on the mechanical properties of the composites depend strongly on their shape, particle size, aggregating size, surface characteristics and the properties of the matrix. In addition, the filler dispersion and the matrix-particle debonding are also very important parameters for the toughening by inorganic fillers. SiO 2 is one of the most commonly used inorganic fillers in PP matrix. Many researches have been conducted on PP with SiO 2 .
(42)- (49) Rong et al. (42) - (45) demonstrated that the mechanical properties of PP could be effectively improved by the incorporation of a small amount of modified SiO 2 nanoparticles (typically less than 3 vol %), which was much lower than the content required by the conventional particulate composites. Wu et al. (46) improved the tensile performance by adding SiO 2 nanoparticles into PP at filler content as low as 0.5 vol %. There are some limited researches for toughening PP blends with rubber by SiO 2 nanoparticles. (47) (48) (49) Lehmann et al. (47) demonstrated that a combination of the grafted SiO 2 nanoparticles and elastomeric modifier was able to significantly increase the toughness of PP including the notch impact resistance although pregrafted nano-SiO 2 particles were not good enough to reduce the notch sensitivity of PP. Yang et al. (48, 49) studied the phase structures and toughening mechanism in PP/EPDM (ethylene propylene diene monomer rubber)/SiO 2 composites. They blended hydrophilic SiO 2 nanoparticles with PP/EPDM composite by using two-step processing method, leading to a unique phase structure that EPDM particles are closely surrounded by nano-SiO 2 particles. This unique microstructure enhanced the Izod impact strength because the stress fields overlapped between EPDM and SiO 2 particles. However, the researches about the improvement of mechanical properties by adding SiO 2 nanoparticles on PP/SEBS blend are quite few. In addition, the studies about the effects of different SEBS particle sizes on the material ductility in PP blended with SiO 2 nanoparticles are very limited. Therefore, the present article focuses on the effect of SiO 2 nanoparticles on the mechanical properties of PP/SEBS blended with two types of SEBS particles (SEBS A and SEBS B). The differences between SEBS A and B are the weight ratio of stylene to ethylene-butylene and the nominal particle diameters in the matrix. The morphology of polymer blends was observed and the distribution sizes of the SEBS particles were analyzed by transmission electron microscopy (TEM). Tensile tests were conducted at nominal strain rates from 10 -1 to 10 2 s -1 . The difference of toughening effects between PP/SEBS A/SiO 2 and PP/SEBS B/SiO 2 was studied.
Experimental

Materials
Isotactic polypropylene (i-PP: J-3003GV bought by Prime Polymer, Japan) whose molecular weight Mn was about 33,000 was used as the matrix polymer in this study. It has a melt flow rate (MFR) = 30 g/10 min (230 o C). The density of i-PP was 900 kg/m 3 . Two types of styrene-ethylene-butadiene-styrene tri-block copolymers (SEBS) (H1221 (SEBS A) and H1062 (SEBS B), Asahi Kasei Chemicals, Japan), were used as shown in Table 1 . The hydrophilic SiO 2 nanoparticle (Aerosil 300, Nippon Aerosil Co., Ltd., Japan) whose density was about 2200 kg/m 3 was used for impact modifier in this study. The mean diameter of SiO 2 nanoparticle was about 7 nm based on the technical data from the supplier. After melt-mixing process, the hot extrudate was immediately quenched in a water bath and palletized. All blends were prepared under the same conditions. The blends were injection-molded to the rectangular plate whose geometry was 150 x 150 x 3 mm. Finally, all tensile test specimens were cut out from the plates in such that the tensile direction was the same as the injection direction.
Tensile Test
ASTM dumbbell shape (parallel portion width 4.8 mm) micro tensile test specimens are used for measuring the stress strain relationship (ASTM D1708). Figure 1 shows the shape of the test specimen. The thickness of test specimen is 3.0 mm. This study uses a servo-hydraulic high-speed impact test apparatus (Shimazu EHF U2H-20L: maximum tensile speed 15 m/s) to obtain mechanical characteristics under medium to high speed deformation. The nominal strain and nominal strain rate were calculated from the clamping distance of the test specimen where the gauge length was 22.2 mm. The nominal strain rate ranges from 10 -1 to 10 2 s -1 . Fracture surface was observed by scanning electron microscopy (SEM: HITACHI S-4300SE/N). sections were sliced by ultra microtome equipped with diamond knife. The samples were taken from the parallel portion of the tensile specimen. In the image analysis, the commercial based software (Azo-kun, Asahi Kasei Engineering, Japan) was used. The rubber particles were approximated as a circle and then the diameter of each circle was collected manually in the software because they could not be identified by the threshold of the black-white images. The mean diameters of SEBS A and B were quite similar to that obtained in the previous research. show the magnified TEM photographs of those blends. In both blends, it seems that SiO 2 particles aggregated along the boundary between SEBS particle and PP matrix because the outlines of particles in PP matrix had many corners in both blends. Based on the image analysis, the mean approximate diameters of SiO 2 aggregates with SEBS particles in PP/ SEBS A/ SiO 2 and PP/ SEBS B/ SiO 2 were 150 nm and 430 nm, respectively. Clearly, the sizes of SiO 2 aggregation were much larger than those of SEBS particles of PP/ SEBS blends. Based on the above discussion, the obtained morphologies are illustrated in Figures 5. Figure 7 shows the mean apparent elastic moduli calculated from three measurement data. As shown clearly, the elastic modulus increases when the nominal strain rate increases in all blends. It is expected that the ductile brittle transition would occur at the nominal strain rate between 10 and 100 s elastic modulus of PP/ SEBS B/ SiO 2 blend was the same as that of PP/ SEBS B blend. It is considered that the morphological difference should have large effects on those differences. As shown in TEM morphological pictures, the SiO 2 particles aggregated along the surfaces of SEBS particles in both PP/ SEBS/ SiO 2 blends. It is expected that the difference of SiO 2 aggregation size should have some effect on the macroscopic elastic modulus. In PP/ SEBS A/ SiO 2 blend, the apparent elastic modulus increased because the SiO 2 aggregation size was small leading to the well dispersion in PP matrix. On the contrary, in PP/ SEBS B/ SiO 2 blend, most of SiO 2 nanoparticles aggregated around SEBS B particles instead of dispersing directly in PP matrix. As a result, SiO 2 nanoparticles did not have any effect on increasing the stiffness in PP/ SEBS B/ SiO 2 blend.
Results and Discussion
Morphology of PP/SEBS Blends and PP/SEBS/SiO2 Blends
Figure 7 Apparent Elastic Modulus vs. Nominal Strain Rate
The yield stress was defined as the maximum nominal stress. In the same manner as the measurements of elastic modulus, the yield stress was measured three times at each condition and, then, the mean value is plotted in Figure 8 . On the contrary to Figure 7 , the yield stress shows the weak dependency of strain rate. In addition, the yield stress of neat PP was twice as large as those of all blends. The increases of yield stress by adding SiO 2 nanoparticles are similar at the whole range of nominal strain rates in both PP/ SEBS/ SiO 2 blends but the increase of yield stress was small. 
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10 shows the strain energy up to failure. The trend is similar between Figure 9 and Figure  10 . As shown clearly, the rupture strain and the strain energy up to failure have the strong dependency on the strain rate. As the nominal strain rate increases, the material ductility decreases in all blends. The interesting point here is that the rupture strain decreases drastically by adding SiO 2 nanoparticle in PP/ SEBS A/ SiO 2 blend. For example, the rupture strain and strain energy up to failure of PP/ SEBS A/ SiO 2 are almost half as large as those of PP/ SEBS A blend at the whole range of strain rates. On the contrary to PP/ SEBS A/ SiO 2 blend, the rupture strain and strain energy up to failure are kept similar even if SiO 2 nanoparticle is blended in PP/ SEBS B blend. It is considered that the local damage process, such as craze evolution, is different in these blends. In PP/ SEBS A/ SiO 2 blend, many SiO 2 aggregations dispersed directly in PP matrix, leading to high stress concentration at the interface between SiO 2 and PP matrix and inducing the delamination of SiO 2 particles from the PP matrix before the cavitation of SEBS particles. As a result, the toughening mechanism of SEBS particles does not work well and, hence, the rupture strain of PP/ SEBS A/ SiO 2 was drastically decreased about half of PP/ SEBS A blend. On the contrary, most of SiO 2 nanoparticles were located inside SEBS B particles, leading to the similar material ductility to PP/ SEBS B blend by increasing the interfacial strength between SEBS B particles and PP matrix even if the volume ratio of SEBS B in PP/ SEBS B/ SiO 2 blend is smaller than that of PP/ SEBS B blend. 
SEM Observation of Fracture Surfaces
The fracture surfaces at the nominal strain rate of 100 s -1 are shown in Figures 11 and   12 . Figures 11 (a) and (b) show the fracture surfaces of PP/ SEBS A and PP/ SEBS A/ SiO 2 , respectively. As shown clearly, the ductile fracture was the dominant mechanism in PP/ SEBS A blend. Shear bands and crazes can be observed in Figure 11 (a). On the contrary, the smooth fracture surface was obtained in PP/ SEBS A/ SiO 2 blend as shown in Figure 11(b) . In addition, a number of concentric matrix-crazing circles around particle-like objects were observed on the fracture surface as shown by arrows in Figure 11 (b). Magnified photograph in Figure 12 indicate that the appearance of the concentric matrix-crazing circles are probably the result of a successive debonding of SiO 2 nanoparticles from the matrix. The voiding process can be described as follows. At the beginning of the deformation, SiO 2 nanoparticles act as stress concentrators, and then the debonding is initiated at both ends of the SiO 2 nanoparticles agglomerates. Finally, the craze initiates from the debonding sites, leading to the concentric matrix-crazing. Rong et al. showed the similar experimental observation on PP/ SiO 2 composite. (44) In their study, the origin of concentric matrix-fibrillated circles was the interface issue between SiO 2 nanoparticles and PP matrix.
Based on their research, it is considered that most SiO 2 nanoparticle aggregated directly in PP matrix leading to the interfacial debonding between SiO 2 and PP in the present study. Figures 13 (a) and (b) show the fracture surfaces of PP/ SEBS B and PP/ SEBS B/ SiO 2 , respectively. In Figure 13 (a), many fibril structures are highly elongated without large deformation of the matrix, leading to small material ductility compared to PP/ SEBS A blend. As shown clearly in Fig. 13(b) , the fibril structures were highly elongated similarly to PP/ SEBS B blend. It is considered that most of SiO 2 nanoparticles are located inside SEBS B particles, leading to non stress concentration in PP matrix. As a result, the similar ductile fracture surface was obtained in PP/ SEBS B/ SiO 2 and PP/ SEBS B blends. Compared to Fig. 11(b) , matrix-crazing circles were not observed in the fracture surface of PP/ SEBS B/ SiO 2 and this result indicates that the SiO 2 nanoparticles were located inside SEBS B particles, leading that the avoidance from the interfacial debonding. In addition, the comparison between Fig.3(a) and (b) show the difference between the density of black color in the large particle whose diameter was about a few µm. In Fig.3(a) , the large-size SiO 2 aggregations showed gray-color particles, which indicated that SiO 2 nanoparticles were directly dispersed in the PP matrix without SEBS A particles. It is considered that many localized and concentrated stress field inside large-size SiO 2 aggregations in PP/ SEBS A/ SiO 2 blend should nucleate many matrix-crazing circles during tensile deformation. Those deformation mechanisms are illustrated in Figure 14 . 
Summary of Mechanical Properties
As a summary of obtained mechanical properties, the elastic modulus and the strain energy up to failure were normalized by those of neat PP. The elastic modulus and the strain energy up to failure at the nominal strain rates below 10 s -1 were normalized by the mean elastic modulus and the strain energy of neat PP obtained at the nominal strain rate of 10 s -1 .
Those at the nominal strain rates above 50 s -1 were normalized by the mean elastic modulus and the mean strain energy up to failure of neat PP obtained at the nominal strain rate of 100 s -1 . Figure 15 shows the relative elastic modulus plotted against the relative strain energy up to failure at the nominal strain rates below 10 s -1 . As shown clearly, the neat PP has the highest elastic modulus among them although the strain energy up to failure is the smallest. In the blends (PP/SEBS A and PP/ SEBS A/ SiO 2 ), SiO 2 nanoparticles enhanced the elastic modulus while they decreased the strain energy up to failure. In the blends (PP/SEBS B and PP/ SEBS B/ SiO 2 ), both the elastic modulus and the strain energy up to failure were almost the same between them, which meant that SiO 2 nanoparticles did not decrease the strain energy up to failure in this particular blend. Figure 16 shows the relative elastic modulus plotted against the relative strain energy up to failure at the nominal strain rates above 50 s -1 . The same trends of elastic moduli and strain energy up to failure were obtained in PP and the blends (PP/ SEBS A and PP/ SEBS A/ SiO 2 ) as those obtained at the nominal strain rates below 10 s -1 . The interesting result here is that SiO 2 nanoparticles enhanced the elastic modulus without decreasing the strain energy up to failure in the blends (PP/ SEBS B and PP/ SEBS B/ SiO 2 ) as shown clearly in Fig. 16 . The mean apparent elastic modulus of PP/ SEBS B/ SiO 2 was 1.48 times as large as that of PP/ SEBS B blend at the nominal strain rate above 50 s -1 although they were almost the same at the nominal strain rate below 10 s -1 .
The reason why SiO 2 enhanced the stiffness of PP/ SEBS B blend at the high strain rate would be that the stiffness of SEBS B increased and transferred the external stress to SiO 2 nanoparticles more efficiently than the case of the low strain rate because of the visoelastic effect of SEBS B material. Thus, for increasing the elastic modulus without decreasing the material ductility in the blend (PP/ SEBS B/ SiO 2 ) at both low and high strain rates, the stiffness of SEBS blended for toughening is important parameter in addition to such morphology that SiO 2 nanoparticles are located inside SEBS particles. Therefore, it would be necessary to study the effect of the stiffness of SEBS particles on the elastic modulus and the ductility of the blend (PP/ SEBS/ SiO 2 ) whose morphology has SiO 2 nanoparticles located inside SEBS particles. This issue is a subject of next study. 
Conclusion
The effect of SiO 2 nanoparticles on the mechanical properties of PP/SEBS blended with two types of SEBS particles (SEBS A and SEBS B) at the intermediate and high strain rates was characterized. The morphology of polymer blends was observed and the distribution sizes of the SEBS particles were analyzed by TEM. The followings are the conclusions of this study:
1. The apparent elastic modulus has some difference of stiffening effect by adding SiO 2 nanoparticles. Adding SiO 2 nanoparticles by 9 vol % increased the apparent elastic modulus of PP/ SEBS B blend by 48 % at the high strain rate while SiO 2 nanoparticles did not enhance the stiffness at the low strain rate. This is because the stiffness of SEBS B material increased and transferred the external stress to SiO 2 nanoparticles at the high strain rate. 2. The yield stress is weak dependency of morphology. The strain rate dependency of yield stress is smaller than that of apparent elastic modulus. 3. The absorbed strain energy has strong dependency of the location of SiO 2 nanoparticle and SEBS particle in the morphology. The material ductility is kept the same in both blends of PP/ SEBS B and PP/ SEBS B/ SiO 2 blends. During the deformation process, SEBS rubber particles in which SiO 2 nanoparticles are located can be highly elongated, leading to the large ductility of this polymer blend, even if the volume ratio of SEBS particle decreases by 9 vol %. 4. It is considered that such morphology that SiO 2 nanoparticles are located inside SEBS particles prevented the brittle fracture while the increased stiffness of SEBS particle enhanced the elastic modulus in the blend (PP/ SEBS B/ SiO 2 ) at the high strain rate. Based on the results of this study, the stiffness of SEBS blended for toughening and the location of SiO2 nanoparticles are the most important parameters in order to increase the elastic modulus without decreasing the material ductility in the blend (PP/ SEBS B/ SiO 2 ) at both low and high strain rates. Therefore, for the next step of the present study, it would be necessary to study the effect of the stiffness of SEBS particles on the elastic modulus and the ductility of the blend (PP/ SEBS/ SiO 2 ) whose morphology has SiO 2 nanoparticles located inside SEBS particles. 
